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ABSTRACT
Background: The RTS,S/AS01 vaccine targets the circumsporozoite (CS) protein of Plasmodium falciparum and confers partial protective efficacy against clinical and severe malaria disease in infants and children (NCT00866619). We investigated whether vaccine efficacy (VE) was specific to parasite genotypes at CS.
Methods: We employed PCR-based next-generation sequencing of DNA extracted from 4985 participant samples to survey polymorphisms in CS. We evaluated the impact of polymorphic CS positions and haplotypic regions on VE against first episodes of clinical malaria within a year of vaccination. 
Results: In the 5‑17 month old per-protocol category of 4557 RTS,S/AS01 vaccinated and 2328 control vaccinated participants, one-year cumulative VE against clinical malaria matching the vaccine in the entire CS C‑terminus was 50.3% (95% confidence interval [CI], 34.6 to 62.3; 139 infections), compared to 33.4% (95% CI, 29.3 to 37.2; 1951 infections) against mismatched malaria (P = 0.04 for differential VE). Hazard ratio VE was 62.7% (95% CI, 51.6 to 71.3) vs. 54.2% (95% CI, 49.9 to 58.1), P = 0.06. In the 6-12 week old category there was no evidence of differential VE.
Conclusions: These results suggest that the VE of the RTS,S vaccine in 5-17 month old children has increased activity against the matched allele. The overall VE will depend on the proportion of matched alleles; in this trial, less than 10% of parasites had matched alleles. (ClinicalTrials.gov number, NCT00866619)



Malaria induces substantial worldwide morbidity and mortality,1 and has proven a challenge for vaccine development efforts. The recently renewed effort to control, eliminate, and hopefully eradicate malaria will enjoy greater likelihood of success if a vaccine can be combined with other intervention methods such as drug administration campaigns and insect vector control.2,3 The most advanced candidate vaccine for protection against Plasmodium falciparum malaria infection, RTS,S/AS01, is a monovalent recombinant protein vaccine targeting a fragment of the circumsporozoite (CS) parasite antigen. RTS,S/AS01 underwent a large randomized, controlled phase 3 trial at 11 study sites in Africa between 2009 and 2013 to evaluate efficacy, safety, and immunogenicity in over 15000 children. The vaccine confers moderate protective efficacy against clinical disease and severe malaria that wanes over time,4–7 concordant with findings from multiple phase 2 trials.8–13 Higher protection was observed in young children (5-17 months old at first vaccination) relative to infants (6-12 weeks old at first vaccination).4–7

The mechanism by which the vaccine confers protection is incompletely understood, and differing hypotheses exist regarding the relative importance of B cell versus T cell mediated immunity to CS and other antigens.14–17 The CS protein is expressed on the surface of the infective sporozoite stage of the parasite and contains a conserved ‘NANP/NVDP’ tandem repeat exhibiting length polymorphism ranging from 37 to 44 repeat units18, which is thought to represent the dominant B cell epitope.19 The C-terminus region of CS exhibits abundant polymorphism,18,20–22 some of which resides within described T cell epitopes (Th2R, Th3R),23 but which may also function as B cell epitopes24. While the immune response provoked by RTS,S/AS01 may be distinct from the natural response to CS,25,26 the partial protective efficacy of the vaccine may be due in part to allelic specificity. Evidence for naturally acquired allele‑specific immune protection has been observed for the MSP-1 antigen27 (but not CS28) in a prospective cohort study, and allele‑specific protection has been reported in a field trial for a vaccine based on the AMA1 antigen.29 

Previous genetic analyses of parasite samples from three different RTS,S phase 2 studies failed to detect an association of protective efficacy with genetic similarity to 3D7 (the vaccine construct parasite line).30–32 This study has both larger sample size and improved sequencing technology. Next generation (Illumina MiSeq, PacBio) sequencing of polymerase chain reaction (PCR) amplicons from malaria infected participant samples offers more sensitive genetic investigations of allele‑specific protection and allows more immunologically relevant analyses of multi-variant haplotypes. We used a sieve analysis methodology (Figure S1) previously applied to detect allele-specific HIV-1 vaccine efficacy33,34 to analyze the CS data for differential vaccine efficacy at three levels: the entire C-terminus amplicon haplotype (95 amino acids); defined haplotypic regions of the C-terminus (10-17 amino acids); and, individual polymorphic positions for 2 defined trial endpoints in 2 age categories. We also investigated the relationship between vaccine efficacy and NANP/NVDP repeat count. In addition, as a control we investigated the SERA2 locus, which was not in the vaccine and hence no differential efficacy was expected.

METHODS

STUDY DESIGN
[bookmark: 14bec97887ddcfc4__msoanchor_1][bookmark: 14bec97887ddcfc4__msoanchor_2]The RTS,S phase 3 trial design has been described previously.4–7 Participant samples representing two defined endpoints in the per-protocol (received all three immunizations at Months 0, 1, 2) cohort were sequenced: 1) primary clinical malaria (first or only episode of clinical malaria with > 5000 parasites per cubic ml occurring between 14 and 385 days following the third immunization) and 2) parasite positive (symptomatic or asymptomatic) samples collected from all participants at 18 months post-vaccination with > 0 parasites/ml3. Figure 1 and Figure S2 summarize sample size and follow-up information for the per‑protocol category of 5-17 month olds, where genetic data were measured from 1181 RTS,S/AS01 vaccine recipients and 909 rabies control vaccine recipients who experienced the primary clinical malaria endpoint, and from 284 RTS,S/AS01 vaccine recipients and 208 control vaccine recipients who experienced the parasite positive endpoint. Figure S3 and Figure S4 show this information for the per-protocol category of 6-12 week olds, and Figures S5-S8 report on samples studied for both endpoints and age categories for the NANP/NVDP repeat amplicon. Samples were analyzed from all 11 trial sites, spanning 6 countries in Africa (Figure 2A). 

STUDY OVERSIGHT
The trial (NCT00866619) was sponsored by GlaxoSmithKline Biologicals (GSK), the vaccine developer and manufacturer, and funded by both GSK and the PATH Malaria Vaccine Initiative, which received a grant from the Bill and Melinda Gates Foundation. The trial protocol was approved by all relevant ethical review boards and signed or thumbprint informed consent was obtained from the children’s parents or guardians.4–7

SEQUENCE DATA GENERATION
Participant samples were received as dried blood spots on Whatman FTA sample cards. Methods for DNA extraction, PCR amplification, and sequencing are described in the Supplementary Appendix. The CS C-terminus and SERA2 amplicons were sequenced on an Illumina MiSeq platform. NANP/NVDP amplicon was sequenced on a PacBio platform due to its greater length. Figure 2B illustrates the respective locations of the NANP/NVDP repeat region and CS C-terminus amplicon within the CS protein. The analyses included MiSeq data for 4421 and 4499 CS C-terminus and SERA2 samples, respectively, and PacBio data for 3137 CS NANP/NVDP samples [Tables S1-S4 and SAP (Supplementary Appendix)]. All MiSeq and PacBio amplicon sequence data were submitted to the NCBI Sequence Read Archive35 (BioProject PRJNA235895).

STATISTICAL ANALYSIS
The analyses pre-specified for this study are described in the SAP (Supplementary Appendix). In brief, we performed sieve analyses on translated amino acid sequences to assess differential VE against first or only episodes of clinical malaria over 12 months follow up post dose 3 and parasite positivity (detected by blood slide) at 18 months post dose 3 defined by perfect vaccine haplotype match vs. mismatch (CS C-terminus) or by the number of NANP/NVDP repeats. We refer to differential VE by some parasite feature as a “sieve effect.” For the primary analysis of clinical malaria, two haplotype-specific VE parameters were assessed: cumulative VE that measures one minus the ratio (RTS,S/AS01 vs. control) of cumulative incidences of the first or only episode of clinical malaria with a specific haplotype by a given number of days t beyond 14 days after the third vaccination; and hazard ratio VE that measures one minus the ratio (RTS,S/AS01 vs. control) of instantaneous incidences of the endpoint that assumes proportional incidences (RTS,S/AS01 vs. control) over time. Aalen-Johansen nonparametric maximum likelihood estimation (MLE) with stratification by study site was used to estimate cumulative VE against vaccine matched and mismatched malaria, with Wald tests for non-zero VE and for a sieve effect of differential VE. Targeted MLE36 was used for addressing the same objectives adjusting for all relevant baseline subject covariates (listed in Table S5).  Hazard ratio VE was estimated using cause-specific Cox models stratified by study site using score tests for non-zero VE and Wald tests for sieve effects.37 The analysis methods were selected to be in close alignment with those used for assessing overall VE in the original published analyses.4–7 For the parasite positive endpoint, similar analysis methods as the cumulative VE analysis of the primary clinical malaria endpoint were performed. 

Many samples exhibited complex infections, generated via multiple parasite founder genotypes. Consequently, sieve analyses were performed on datasets composed of one founder haplotype randomly selected from each subject, with multiple outputation38 employed to aggregate results (details in the SAP). We also performed sieve analyses on datasets in which participants with one or more founder haplotypes were classified as having “any match” to 3D7 or “no match” to 3D7.

In addition to investigating the previously described Th2R and Th3R epitopes,23 we analyzed haplotype frequencies in a previously undefined genomic region we designate as ‘DV10’ (representing 10 amino acid positions 293-302) bounded by amino acids aspartate (D) and valine (V), and an ‘LD’ haplotype based on the six positions (314, 317, 352, 354, 356, 357) we found to exhibit linkage disequilibrium (LD; defined for sites with minor allele frequency  3% as r2  0.1 with  2 other positions at the five largest study sites; Figure S9).

All analyses were performed separately for each age category. Multiplicity adjustment of sieve effect P values across the epitope haplotypes and positions was applied separately to the 2 age categories, the 2 studied proteins (CS and SERA2), and the VE parameter type (cumulative vs. hazard ratio). Family-wise error rate (FWER; Holm-Bonferroni39) and false discovery rate (FDR or Q-values; Benjamini-Hochberg40) error adjustment was applied. Results with Q ≤ 0.20 for all multiply compared loci or the unadjusted P ≤ 0.05 for the full CS C-terminus amplicon were considered to be significant, with FWER P ≤ 0.05 indicating more stringent significance.  All P-values and Q-values are 2-sided.

RESULTS
 
COMPLEXITY OF INFECTION
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The majority of samples from participants with primary clinical malaria in both age categories were complex, defined as being founded by 2 or more distinct parasite lineages (infants: 68%; children: 65%). In the older age category, the distribution of complexity of infection (COI) was shifted toward fewer parasite lineages in RTS,S/AS01 vaccine recipients than in control vaccine recipients (Figure 2C; RTS,S/AS01: 61%; control: 71%; Wald test, P < 0.001), whereas, in the younger age category, there was no evidence for a different COI distribution between the study groups (Figure S10; RTS,S/AS01: 67%; control: 70%; P = 0.43). This observation for the older age category is concordant with findings in two phase 2 trials of the related RTS,S/AS02 vaccine,31,32 and there are fewer 3D7 matching haplotypes in high-COI infections in the RTS,S/AS01 vaccinated group relative to the control group (Figure S11).

POPULATION VARIATION PROFILE
We searched for a sieve effect based on perfect vaccine match/mismatch in the C‑terminus of CS at three scales: the full amplicon haplotype (95 amino acids), 4 described epitopes/polymorphism cluster haplotypes (10-17 amino acids apiece), and 25 individual polymorphic positions. Descriptively, the frequency of haplotypes with an exact match to the 3D7 vaccine strain across all polymorphic positions varied considerably among study sites (Figure 2D). In addition, there was a lower frequency of 3D7 haplotypes in RTS,S/AS01 vs. control vaccine recipients especially at geographic sites exhibiting at least 5% frequency of 3D7 in the control arm. Similar differences were evident for the epitope haplotype frequencies (Figure 2E). The frequency of alleles at individual polymorphic positions matching 3D7 was variable (Figure 2F). Figure S10 shows similar population frequencies in the study groups for the 6-12 week old category.

C-TERMINUS REGION SIEVE EFFECTS 
There were 139 clinical malaria cases with a perfect full-amplicon 3D7 match (Figure 3A) and 1951 mismatched cases (Figure 3B) detected through one year following vaccination. Cumulative VE through one year after vaccination against clinical malaria with a perfect full‑amplicon 3D7 match was 50.3% (95% CI, 34.6 to 62.3) and against mismatched clinical malaria was 33.4% (95% CI, 29.3 to 37.2), with VE significantly higher against matched malaria (Figure 3D; Figure 4A; Wald sieve effect P = 0.04). The covariate-adjusted analysis gave almost identical results (Table S5). Cumulative VE was higher against matched than mismatched malaria throughout the follow‑up period, for example through month 6, when VE against matched malaria was 70.2% (95% CI, 56.1 to 79.8) and against mismatched malaria was 56.3% (95% CI, 51.1 to 60.9; Figure 3C) (sieve effect P = 0.05). Cumulative VE and sieve effects for the CS C-terminus also varied in magnitude among study sites when they were analyzed individually in the older age category (Table S6). Hazard ratio VE aggregating over the 12 months of post-vaccination follow-up was also higher against matched (62.7%, 95% CI, 51.6 to 71.3) than mismatched (54.2%, 95% CI 49.9 to 58.1) malaria (Figure 4B; Table S7) (sieve effect P = 0.06). Overall VE was similar to that observed against mismatched malaria, because greater than 90% of the infections are mismatched (Figure 3D). Post-hoc analysis defining a malaria case’s haplotypes as ‘any match’ or ‘no match’ to 3D7 also identified a sieve effect for the CS C‑terminus (cumulative VE sieve effect P <0.001; hazard ratio VE sieve effect P = 0.002; Tables S8-S9). In contrast, cumulative and hazard ratio VE was similar against full amplicon vaccine matched vs. mismatched malaria in the 6-12 week old category (sieve effect P = 0.58; Tables S10-S11; Figure S12), and for both age categories at the SERA2 locus (sieve effect P-values > 0.30, Tables S12-S15; Figures S13-S14).

In the 5-17 month old category there were also significant cumulative VE sieve effects (Q‑value ≤ 0.2) for the Th2R and Th3R epitopes, the Th2R/Th3R ‘LD’ haplotype, and the DV10 region (Figure 4A). For individual amino acid positions, there were significant cumulative VE sieve effects (Q-value ≤ 0.2) at positions 299, 301, 317, 354, 356, 359, and 361 (Table 1). Cumulative VE tended to decrease with the number of 3D7 mismatches at these seven positions (Figure S15). Hazard ratio analyses of epitopes/regions (Figure 4B) and individual amino acid positions (Table S7) yielded differential VE results consistent with those from the cumulative VE analysis, at reduced levels of significance. Vaccine efficacy was similar against matched vs. mismatched CS C‑terminus individual positions for the younger age category (all Q-values > 0.20, Tables S10-S11). No evidence of sieve effects was found for individual positions in either age category for the SERA2 locus (Table S12-S15).  

For the parasite positive endpoint at 18 months post dose 3, in the older age category the VE estimates tended to be higher for CS C-terminus vaccine matched vs. mismatched malaria (e.g., VE = 53% vs. 30%, P = 0.19 for the full-amplicon), although none of the differences were statistically significant (Table S16). In contrast, there was no evidence at all of a sieve effect in the younger age category at the CS C-terminus for this endpoint (Table S17), nor at SERA2 in either age category (Tables S18-S19).

NANP/NVDP REPEAT REGION 
In 3137 participant samples representing the clinical malaria endpoint with evaluable sequence data from the B cell epitope repeat region, NANP/NVDP repeat count was observed to range from 37 to 44, with a mode of 40 repeats. There was a non-significant trend of declining cumulative VE with NANP/NVDP repeat count in the older age category (P = 0.072, Figure S16) and no significant differential VE by repeat count in the younger age category (P = 0.89, Figure S17). We did not assess how VE depends on NANP/NVDP repeat amino acid sequences because the vaccine construct contains a truncated repeat region (18.5 NANP/NVDP repeats).

DISCUSSION

The discovery of higher RTS,S/AS01 vaccine efficacy against clinical malaria with infections matching vs. mismatching the 3D7 vaccine construct at epitope haplotypes and amino acid positions is not entirely unexpected, given the polymorphism at the C‑terminus of the CS antigenic locus and previous observations of allele-specific immune responses to other parasite proteins.27,29 This differential cumulative VE result could be a false positive, given the full CS C-terminus result was borderline significant (P = 0.04) and the analysis of 4 epitopes and 24 amino acid sites gave no Holm-Bonferroni-adjusted P-values below 0.05. However, 11 of the 28 tests yielded Q-values below or equal to 0.20, such that we expect at least 80% of these 11 results to be true positives. The present study had greater power to detect allele-specific protection than previous RTS,S studies based on phase 2 trials due to three factors: 1) larger sample size, 2) inclusion of study sites harboring a higher frequency of 3D7-matching haplotypes, and 3) use of PCR-based next generation sequencing to resolve haplotypes comprising mixed infections. Our main result of significant sieve effects for the primary clinical malaria endpoint in the 5-17 month old category was based on a large sample size, with n=2145 total clinical malaria cases with measured genetic data. In contrast, the sieve analysis of the parasite positive endpoint in 5-17 month olds, which yielded non-significant results, had four times fewer cases (n=507 total cases with genetic data). However, in terms of estimates of vaccine efficacy the sieve effects were slightly stronger for the parasite positive endpoint, suggesting that the lack of statistical significance could be due to lower statistical power than to a true lack of differential protection. Post-hoc power calculations showed only 30% power to detect a difference between VE of 53% vs. 30% for CS-C-terminus match vs. mismatch malaria, compared to 51% power for the clinical malaria endpoint. Therefore the selective vaccine protection may have operated for both clinical malaria and parasite positivity. In contrast, there is no evidence for allele specific vaccine efficacy in the 6-12 week old category, despite significant overall protection in this group. This result implies a qualitative difference in the vaccine response, in addition to the previously reported quantitative difference in anti‑CS antibody titers in the younger age category.4 The biological mechanisms remain to be elucidated but could include a role of maternal antibody, interactions with other vaccine responses or differences in immune response capacity between the infant and child age categories.  These results create motivation for further immunological analysis to discern the mechanisms of selective vs. non-selective vaccine-induced immunity.

[bookmark: _GoBack]Genetic surveillance of CS sequences in parasite populations could inform future vaccine candidates targeting polymorphic malaria parasite proteins. The genotype-specific VE results we report here complement previous estimates of RTS,S/AS01 efficacy in this phase 3 trial; the previously reported 12 month hazard ratio VE of 55.8% against clinical malaria in 5-17 month olds4 can now be interpreted as a multiplicative weighted average of hazard ratio VEs of 62.7% and 54.2% against matched (n = 139) and mismatched (n=1951) parasites, respectively (Figure 4B).  The observed variation among study sites in infections with a perfect vaccine match in the CS C‑terminus (Figure 2D, Figures S18-S19) may help to explain previously reported variation in overall VE among study sites, though the magnitude of this contribution is expected to be low due to the overall rarity of the 3D7 haplotype.6 Broader deployment of the vaccine could potentially result in increased selection on the 3D7 haplotype or its component epitopes and amino acid alleles. Sieve analysis of next generation sequencing data constitutes an approach for understanding partial vaccine efficacy.
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Figure Legends

Figure 1. Data Generation and Sample/Data Filtration in Children Aged 5-17 Months for the Primary Clinical Malaria Endpoint. 

Figure 2. Description of Study Sites, Genomic Units and Number of Clones per Infection (Complexity of Infection or COI) in Children Aged 5−17 Months with the Primary Clinical Malaria Endpoint.  
Study sites (Panel A); Diagram of the Circumsporozoite (CS) protein, analyzed genomic units, polymorphic positions (LD positions indicated in red), and segment of CS in the vaccine construct (Panel B); Distributions of COI for the RTS,S/AS01 vaccine and control vaccine groups (Panel C); Frequencies of full CS C-terminus  3D7 match by study site (Panel D) and for all sites by malaria genomic unit defined by the full CS C-terminus, epitopes, polymorphic region DV10, and haplotype combining Th2R and Th3R positions in linkage disequilibrium (LD) (Panel E); polymorphic CS C-terminus amino acid positions with frequency between 1% and 99%  (Panel F). The denominator of the frequencies in Panels D through F is the number of primary clinical malaria endpoints with sequence data.
Ag = Agogo; Ba = Bagamoyo; Kil = Kilifi; Kin = Kintampo; Kom = Kombewa; Kor = Korogwe; La = Lambaréne; Li = Lilongwe; Si = Siaya; Na = Nanoro.

Figure 3. Cumulative Incidences and Vaccine Efficacies (VEs) Against the Primary Clinical Malaria Endpoint in Children Aged 5-17 Months with Parasites Matched and Mismatched to the 3D7 Full CS C-Terminus Haplotype. 
The cumulative incidence during 12 months of post-vaccination follow-up in RTS,S/AS01 and control vaccine recipients in 3D7 matched cases (Panel A), and 3D7 mismatched cases (Panel B). Panel C shows the cumulative VE against 3D7 matched and 3D7 mismatched malaria over the entire post-vaccination follow-up period, and Panel D shows the cumulative and hazard ratio VE against 3D7 matched and 3D7 mismatched malaria at 12 months post-vaccination.

Figure 4. Forest Plot of Vaccine Efficacy (VE) against the Primary Clinical Malaria Endpoint in Children Aged 5-17 Months with parasites Matched and Mismatched to the 3D7 Full CS C-Terminus and Epitope/Region Haplotypes. 
Cumulative VE (Panel A); Hazard Ratio VE (Panel B). Estimates were stratified by study site.














Table 1: Cumulative vaccine efficacy (VE) against 3D7 matched and 3D7 mismatched primary clinical malaria through 12 months after vaccination by circumsporozoite (CS) C-terminus amino acid position in children aged 5-17 months. Estimates were stratified by study site. 

	Amino Acid
	Haplotype-Matched  Efficacy†
	Haplotype-Mismatched Efficacy†
	              Differential Efficacy

	Position‡
	VE (%)
	95% CI
	P-value
	VE (%)
	95% CI
	P-value
	P-value
	FWER P-value
	Q-value

	DV10                

	   294
	34.8
	(30.8, 38.6)
	< 0.001
	31.3
	(-6.4, 55.6)
	0.09
	0.83
	1.00
	0.89

	   295
	34.9
	(31.0, 38.6)
	< 0.001
	12.6
	(-78.8, 57.2)
	0.71
	0.44
	1.00
	0.71

	   296
	34.8
	(30.9, 38.5)
	< 0.001
	7.1
	(-310.9, 79.0)
	0.92
	0.67
	1.00
	0.89

	   298
	33.5
	(29.1, 37.7)
	< 0.001
	41.7
	(30.1, 51.4)
	< 0.001
	0.20
	1.00
	0.41

	   299*
	35.4
	(31.5, 39.1)
	< 0.001
	-62.8
	(-186.0, 7.3)
	0.09
	0.003
	0.08
	0.08

	   301*
	49.2
	(35.3, 60.1)
	< 0.001
	33.1
	(28.9, 37.0)
	< 0.001
	0.03
	0.81
	0.15

	   302
	34.8
	(30.9, 38.5)
	< 0.001
	20.0
	(-108.2, 69.3)
	0.64
	0.69
	1.00
	0.89

	   303
	34.6
	(30.7, 38.3)
	< 0.001
	68.4
	(-100.9, 95.0)
	0.22
	0.45
	1.00
	0.71

	Th2R

	   314LD
	32.7
	(26.2, 38.2)
	< 0.001
	37.3
	(30.9, 43.0)
	< 0.001
	0.33
	1.00
	0.61

	   317LD*
	45.9
	(33.3, 56.2)
	< 0.001
	33.1
	(28.9, 37.1)
	< 0.001
	0.06
	1.00
	0.19

	   318
	36.9
	(25.8, 46.4)
	< 0.001
	34.2
	(29.8, 38.4)
	< 0.001
	0.65
	1.00
	0.89

	   320
	34.4
	(30.4, 38.1)
	< 0.001
	64.0
	(21.0, 83.6)
	0.01
	0.14
	1.00
	0.32

	   321
	35.7
	(24.3, 45.3)
	< 0.001
	34.5
	(30.1, 38.7)
	< 0.001
	0.85
	1.00
	0.89

	   322
	34.8
	(27.2, 41.5)
	< 0.001
	34.7
	(29.4, 39.6)
	< 0.001
	0.99
	1.00
	0.99

	   324
	37.3
	(32.0, 42.2)
	< 0.001
	30.7
	(23.3, 37.4)
	< 0.001
	0.16
	1.00
	0.35

	   327
	35.5
	(31.2, 39.5)
	< 0.001
	30.1
	(16.5, 41.4)
	< 0.001
	0.42
	1.00
	0.71

	Th3R

	   349
	34.8
	(30.9, 38.5)
	< 0.001
	25.4
	(-84.1, 69.8)
	0.53
	0.81
	1.00
	0.89

	   352 LD
	35.1
	(30.7, 39.2)
	< 0.001
	32.8
	(20.0, 43.5)
	< 0.001
	0.73
	1.00
	0.89

	   354 LD*
	36.0
	(32.0, 39.8)
	< 0.001
	10.8
	(-22.6, 35.1)
	0.48
	0.05
	1.00
	0.17

	   355
	34.7
	(30.8, 38.4)
	< 0.001
	54.1
	(-286.1, 94.5)
	0.47
	0.71
	1.00
	0.89

	   356 LD*
	36.2
	(32.2, 40.1)
	< 0.001
	15.8
	(-7.8, 34.3)
	0.17
	0.04
	0.85
	0.15

	   357 LD
	35.3
	(27.3, 42.5)
	< 0.001
	34.4
	(29.3, 39.2)
	< 0.001
	0.86
	1.00
	0.89

	   359*
	36.1
	(32.0, 40.1)
	< 0.001
	22.2
	(5.2, 36.2)
	0.01
	0.07
	1.00
	0.20

	   361*
	39.3
	(33.6, 44.4)
	< 0.001
	29.3
	(22.4, 35.5)
	< 0.001
	0.03
	0.81
	0.15



CI denotes confidence interval, and FWER p-value adjusted39 p-value controlling the familywise error rate.
† For each amino acid position, haplotype-matched (mismatched) VE was computed only including clinical malaria endpoint events with a 3D7 matched (mismatched) amino acid at the given position. 
‡ Only amino acid positions with sufficiently high minor allele frequency were included in the analysis.
LD Linkage disequilibrium haplotype includes these Th2R and Th3R amino acid positions.
* Statistically significant differential efficacy was defined as q-value ≤ 0.2 for all 28 multiply compared haplotype loci (all epitope regions and amino acid positions with sufficiently high minor allele frequency).
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